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 Abstract ⎯ Capillary bonding of glass tubes to silicon 
wafers has been elaborated. After proper preparation, tubes 
are placed on silicon substrates and specimens are annealed 
at sintering temperatures of glass. The resulting interconnect 
is capable of working above 70 bars of filling pressure and 
the bond is completely hermetic. However, due to high 
temperature annealing in air, surface devitrification has been 
observed on glass, which can be avoided by vacuum 
annealing.  
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I INTRODUCTION 
Wide range of miniature fluidic devices such as 
valves, pumps, mixers, filters, and flow sensors 
have been subject of research as well as the 
efficient interconnections between these devices 
and their coupling to external fluidic structures. To 
date, various types of connection technologies have 
been demonstrated using tubing of different size 
and material.  
Gonzalez et al. [1] inserted plastic capillary tubes 
to fabricated in-plane inlet/outlet ports for macro-
world connection. Similarly, Gray et al. [2] 
inserted fused silica capillaries to out-of-plane 
sleeves in silicon and sealing has been completed 
by adhesive. They avoided use of adhesive by 
means of press fitting injection-molded plastic 
tubes. Pan et al. [3] used heat shrink tubing in order 
to couple fabricated silicon flanges to macro-
world. 
Puntambekar et al. [4] inserted Teflon capillary 
through out-of-plane via holes and briefly molten 
the tip for end deformation to obtain Teflon tubing 
as interconnect. Blom et al. [5] investigated the 
anodic bonding of Kovar tubes to Pyrex substrates. 
Likewise, Peles et al. [6] sealed Kovar tubes to out-
of-plane through holes by melting prepared Donut 
shaped glass preforms. 
Most of the aforementioned techniques are valid 
for multi-wafer encapsulated channels and devices. 
Besides, they mostly are not able to withstand 
pressures in the excess of 25 bars, especially in 
millimeter scale and use adhesives at the last 
process step in order to prevent leakage.  
 
Figure 1. Schematic representation of concept 
In this paper, we elaborate on a new technology for 
fluidic interconnects about which Fazal et al. [7] 
presented the preliminary study. It is based on the 
capillary bonding of Duran tubes to single crystal 
silicon wafers. Duran tubes of desired dimensions 
are placed on silicon wafers after proper 
preparation and the specimen is heated up to the 
annealing temperature where glass bonds to silicon 
by capillarity owing to its reduced viscosity.  
It is a mask-less and adhesive free process; the 
connections can be safely operated at high 
pressures and they are inherently hermetically 
sealed. It is not only very reliable interconnect for 
micro-devices in order to couple them to macro-
world by means of Swagelok connectors (Figure 1) 
but also very robust package which provides ability 
of mass production. Moreover, the tubes can be 
interpreted as a package for MEMS in a tube 
assembly approach [8].  
II FABRICATION 
II.1 WAFER PREPARATION 
Silicon wafers, supplied by Okmetic, are first 
cleaned in 100% HNO3 at room temperature for 10 
minutes. After rinsing in DI water, cleaning is 
continued in boiling 69% HNO3 for 10 minutes. 
Wafers are then rinsed twice in DI water and spin-
dried. 
II.2 TUBE PREPARATION 
Tubes, supplied by Schott, are normally longer 
than our working lengths. Therefore, they need to 
be cut into desired lengths. For this step, tubes are 
bundled and embedded in glue on a flat plate. After 
proper aligning, automated machine dices tubes 
into desired length by rotating diamond blade. As a 
result of this step, the bonding surface is rendered 
rough and cracks might have been initiated. 
Although, typical roughness level can be assumed 
to be around 1-3µmrms, the roughness parameters 
of tubes from various batches have been found 
variant. Therefore, tubes are decided to be polished 
in order to have a leveled start prior to bonding. 
Tubes are polished to optical grade using CeO2 and 
pitch suspension. Wax is used as matrix material to 
hexagonally pack the tubes during polishing owing 
to its stiffness. Bulk of the wax is removed by 
boiling the polished tubes in chloroform. Later on 
the tubes are put in 100% HNO3 at room 
temperature for 10 minutes in order to remove any 
glue contamination. Tubes are then rinsed in DI 
water and flushed with ethanol. Final step has been 
done by putting them in an ultrasonic bath with 
chloroform, acetone and isopropanol successively 
for 10 minutes. 
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Figure 2. Polished surface after cleaning procedure 
Polished surfaces have been inspected after 
cleaning. Some spots have been found perfectly 
clean (Figure 2a), however there were still particles 
residing on the surface despite rigorous cleaning. 
Figure 2b shows the polishing powder whereas 
Figure 2c shows the chipped glass pieces. It is 
good to mention that even if the surfaces were 
completely particle free, there would be uniformity 
problem regarding the polishing. Figure 2d depicts 
one of the scratched and defected parts of the tube 
surface. 
Although the surface finish posterior to polishing 
and cleaning were not good enough to have direct 
bonding (i.e. <0.5 nm roughness) [9], the tubes will 
be sintered in a temperature range which allows 
viscous flow of material due to capillarity and 
these particles will be sucked inside the softened 
material.  
II.3 BONDING MECHANISM 
After the preparation of the samples, the tubes are 
placed on silicon wafers as depicted in Figure 3. 
The next step is to anneal the specimen at high 
temperature to realize the bonding. Authors call 
this type of bonding, “capillary bonding” since at 
elevated temperature, the viscosity of the glass is 
lowered and initial contact is formed with silicon 
wafer at various spots. These contacts grow in size 
by capillary pressure and surface tension between 
the glass and silicon. In the meantime, the non-
contacting regions go through free surface 
relaxation. In the end, whole interface is covered 
by capillarity.  
 
Figure 3. Duran tubes placed on a silicon wafer prior to 
bonding 
III EXPERIMENTAL RESULTS 
III.1 BURST PRESSURES 
The tubes of Inner Diameter = 3 mm, Outer 
Diameter = 6 mm and Length = 30 mm are bonded 
to silicon wafers at various temperature steps. All 
annealing steps are carried out at a Nabertherm LH 
15/12 oven and later on, the burst pressures of the 
silicon membranes are measured by water pump 
set-up [7].  
 
Figure 4. Burst pressure values of <100> OSP 525µm 
wafers for various annealing steps 
Figure 4 consists of burst pressures of <100> One 
Side Polished (OSP) 525 µm thick silicon wafers 
when above mentioned tubes are bonded at the 
corresponding annealing condition. In all of the 
samples the silicon membrane ruptures along the 
inner rim of the glass to silicon contact. 
The bond is detected to be initiating after around 1 
hour at 700°C and an increasing trend is observed, 
when time and/or temperature of annealing is 
increased. This is merely due to better coverage of 
the tube around the inner rim, thereby reducing the 
effective pressurized area.  
 
Figure 5. Cross-section of a bonded tube to silicon 
In Figure 5, the edges of the glass tube are depicted 
with a close-up for better explanation of this 
phenomenon. The corners are rounded during 
annealing due to free surface however the contact 
line of glass to silicon is also continuing to develop 
as the annealing continues since the viscosity is 
extremely high. 
Here the annealing at 700°C for 30 hours is taken 
to be the optimum case since further increasing the 
temperature and/or the annealing time, causes the 
tubes to be bent along their length and no 
considerable increase in the burst pressure is 
obtained in that case.  
 
Figure 6. Burst pressure values various silicon substrates 
for annealing at 700°C for 30 hours 
The burst pressure experiments are further 
continued by using the same kind of tubes with the 
obtained optimum annealing procedure. The results 
are displayed in Figure 6. It can be concluded that 
the surface termination of the back-side of the 
wafer doesn’t affect the burst pressure. It can also 
be reasonable to resolve that various crystal 
orientations show similar burst pressures given 
these conditions. Lastly, the burst pressure is also 
appearing to be scaling linearly with the thickness 
of the wafer which can be explained by the similar 
scaling of shear stress.  
III.2 HERMETICITY 
In order to test the hermeticity of the bond, 
Leybold UL 500 Helium leak detector is utilized. 
The tube is connected to a flange through which 
the sealing is provided by an O-ring. The flange is 
directly attached to leak detector as the other side 
of the tube is pressurized with Helium (Figure 7).  
 
Figure 7. Schematic of the tube connected to leak detector 
At the initial tests, no leak has been read. The next 
stage is to confirm this by testing the diffusion of 
Helium through the glass. This has been tested by 
keeping the tube pressurized with 23-25 bars of 
Helium overpressure and making leak rate 
measurement in time. No diffusion of Helium 
through silicon at room temperature is reported 
therefore all contribution to leak is assumed to be 
due to diffusion of Helium through glass walls. 
This can be confirmed in 2 ways. First, the length 
of the glass tube that is pushed through the sealing 
(after the maximum leak rate is achieved roughly 
about in 3 weeks) is scaled. The results show that 
leak was scaled as well with the length of the tube 
that is contributing to the leak. Secondly, the curve 
shape of the leak was consistent with a developing 
diffusion process. 
 
Figure 8. Leak rate versus time for theoretical and 
experimental values 
In Figure 8, the theoretical expectation of leak 
development in time using the theory of Rogers et 
al. [10] and their data for Pyrex glass (since the 
composition of Duran is the same with Pyrex, 
similar properties are expected) is plotted, whereas, 
diamonds establish our experimental data. The 
discrepancy in the saturation value and the 
development time of the leak can be explained by 
the diffusion of Helium through glass to be slower 
than expected with higher solubility inside the 
glass. This deviation can be attributed to the given 
thermal history of the glass.  
III.3 SURFACE DEVITRIFICATION 
The bonding requires annealing of the Duran tubes 
at around 700°C for more than 10 hours. It is 
known that in that range, crystal precipitation 
occurs on the surface of this type of glass due to 
heterogeneous nucleation [11].  
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Figure 9. Crystals grown on the surface 
They have been observed on the surface of the 
glass tubes as well. Figure 9a shows a picture of 
the crystals taken by an optical microscope. Figure 
9b reveals the crystal structure more clearly as the 
surrounding of it has been selectively etched in 
diluted HF solution. These crystals are a 
polymorph of silica and in α-cristobalite phase. 
Provided that they are grown enough on size, they 
might cause cracks on the surface of the tube.  
The density of crystal precipitation can be reduced 
by proper cleaning and leaching the surface layer 
with HF if necessary. They can even be prevented 
from nucleating given vacuum annealing for the 
above time-temperature steps. 
IV CONCLUSIONS 
Capillary bonding of Duran tubes to silicon wafers 
is demonstrated as fluidic interconnects. The 
technology is promising for fluidic applications. 
The strongest point is that the tubes are directly 
connectable to Swagelok connectors, hence to the 
macro-world and test equipment. 
The process doesn’t require a mask and it is free 
from adhesives. The connections are hermetically 
sealed and can be safely operated at high pressures 
since limiting case here is the strength of the 
material rather than the failure of the bond. 
However due to high temperature annealing, 
surface devitrification has been observed on glass. 
This can cause cracks on the tube surface and 
might affect the shock resistance of the package. 
Nevertheless, they can be avoided by vacuum 
annealing. 
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